. The resulting circumferential modulus values are compared to those found in literature for human aorta.
Some older reports describe measurements of mechanical properties for the human aorta, most of which are based on the principles of pressurediameter experiments [9] [10] [11] . For the modulus in the circumferential direction, values of 0.75MPa to 1.7MPa are noted for thoracic and abdominal aorta segments [10] [11] [12] [13] .
Whilst several groups have reported on the creation of PCL tube scaffolds with randomly oriented fibre through electrospinning [14] [15] [16] , to our knowledge this manuscript presents the first results on adapting the 3D plotting technique for winding of the extruded filament into PCL tubes with continuous fibre.
METHODS & MATERIALS

Materials
Thermoplastic polymer material used is granulated PCL CAPA 6500 from Perstorp with number averaged molecular mass of 50000 Da and a melt temperature of 60°C [17] .
BioScaffolder apparatus
All tube scaffolds were produced on a BioScaffolder apparatus (SysEng). The manufacturing technique of the BioScaffolder process has been previously de-scribed in literature [18, 19] . In brief, polymer granulate is extruded by a mobile dispense head into fine filaments (order 100-800µm). These filaments are deposited on a plotting table layer by layer, building up a 3D part in an additive fashion.
PCL was processed at 110°C with a thermoplastics dispense head. A 28g needle was used, producing extruded filaments 180µm in diameter. Spindle speed of the extrusion screw was 22rpm. Parameters specific to each tube series are described below.
3D plotted tube scaffolds
Three series of tube scaffolds were created by conventional 3D plotting with inner diameter d in = 6mm, wall thickness t = 0.5mm and tube height h = 5mm. For the first series the orientation shift between two consequent layers was 45°, for the second it was 30° and for the third 15°. These series are respectively labelled "3Dplotted-45", "3Dplotted-30" and "3Dplotted-15". Most important processing parameters were set as follows: dispense head XY feed 80mm/min, dispense pressure 5bar, layer thickness 160µm and strand distance 324µm.
Winded tube scaffolds
Tubes with continuous fibre were realized by the implementation of a rotational axis on the BioScaffolder apparatus, onto which the extruded filaments are winded (shaft speed = 3rpm). This is illustrated in figure 1. Tube scaffolds were designed with d in = 6mm, t = 0.5mm and h = 9-10mm. Different filament winding angles were accomplished by adapting the dispense head feed F. Three series of winded tube scaffolds were created on a rotating axis of 6mm with the following winding angles: 10°, 45° and a combination of both. These series are respectively labelled "winded-10", "winded-45" and "winded-C".
Scaffold inspection
Visual evaluation of scaffolds was performed with a Keyence VHX 500 microscope. Scaffold height and wall thickness was assessed with a digital calliper.
Tensile testing
Evaluation of mechanical properties was done on a Instron 5565 tensile testing apparatus, with a load cell of 10N. Tubes were mounted over a double pin setup, which is shown in figure 2 . Start length was calculated as the circumference of the tube and strain was determined in relation to this length. Tubes were loaded at rate of 10mm/min to a maximum load of 10N. E-modulus was determined as the slope of the linear ascending part of the stress-strain curve, meaning ≥ 1MPa for 3D plotted tubes and ≥ 0.4 MPa for the winded tubes. Contrary to natural tissue, it was not necessary to precondition the tubes prior to measurement, as the elastic behaviour does not vary with increasing load cycle. Modulus was determined for 3 tubes per production series and results averaged.
RESULTS
Manufactured tube scaffolds
An overview of the dimensions of the fabricated tubes is given in table 1. All dimensions remain within an acceptable standard deviation of less than 1% for height and less than 5% for wall thickness, which speaks well for the reproducibility of the manufacturing technique. Figure 3 shows the resulting geometry of a 3D plotted tube with the 45° stacking sequence. To obtain a flexible tube scaffold, there are several disadvantages to structures created by conventional 3D plotting.
For one, the layer-wise production method effectively limits polymer filament distribution to the individual layers; there is no continuous filament in the longitudinal/axial direction of the tube. This may cause delamination of the scaffold layers when axially loading the tube and could be the case for suturing the TEBV into position or mounting it on a bioreactor for conditioning. Moreover, it leads to expect a high stiffness in the radial & circumferential direction which is not desirable for arterial replacements.
Secondly, the dispense head is forced to manoeuvre back and forth in the thin section of the tube wall, which leads to a very dense structure with little to no remaining porosity in the scaffold wall.
Finally, in every layer there are two sections of the tube wall in which the deposited filament does not meander back and forth within the wall thickness, but draws a straight line. The phenomenon is inherent to the postprocessor, which attempts to deposit as much continuous filament as possible in the direction aligned to the current layer orientation. This straight line is repositioned in each subsequent layer according to the stacking angle. Hence, a 45°stacked tube wall tube will display this anomaly every 4 th layer and within 4 longitudinal sections of the tube, whilst a 15°-stacked part will only exhibit it every 12 th layer for a single wall section, but also in 12 different locations. We summarize this phenomenon as follows: n w = 360/ (1) with the scaffold stacking angle and n w both the number of wall sections in the circumference where and every how many layers the weakness occurs within these sections. Figure 4 shows the three types of winded scaffolds. The tube winded under low angle (winded-10), not unlike the 3D plotted tubes, turns out to be a very dense and closed structure. The one winded under 45° (winded-45) however, displays increased porosity in the tube wall. Finally, porosity in the tube with combined winding angles (winded-C) is governed by the density of the outer layerwinded under low anglewhich will affect pore size and geometry.
All of the winded tubes present continuous polymer fibres over the entire length of the scaffold.
These winded tubes feel much more pliant to the touch than their 3D plotted counterparts, hinting at lower elastic modulus values.
Tensile properties
The results of the quasi-static tensile tests are summarized in table 2 and visualized in figure 5. The 3D plotted tubes exhibit stiffness values between 16MPa and 26MPa, which is about 200 times the earlier reported moduli for arterial tissue [10] [11] [12] [13] . Stiffness tends to rise with diminishing stacking angle. As shown in figure 6 , visual inspection of these scaffolds after testing reveals a peculiar mode of straining. A plastic deformation is observed within a single section of the tube wall. One may note from figure 6-c that exactly every n w th layer is broken, causing the tensile force to be redistributed over the remaining scaffold layers and further weakening the structure. This section corresponds to the locations of the straight-deposited filament discussed above, confirming them out as influential flaws in the wall structure.
For the winded scaffolds, remarkably lower modulus values are achieved. The open structure of the winded-45 series attains tensile modulus values of 4.53 ± 0.26 MPa, less than a quarter of the stiffness of the 3D plotted tubes. Even the winded-10 series which is closest in structure to the dense plotted tubes, displays a distinctly reduced modulus of 12.60 ± 0.68 MPa. As could be expected, the winded-C series with combined winding angles shows values between those of its separate composing structures, with a modulus of 7,73 ± 0.24 MPa.
There is less variation in modulus values between samples within the different winded series than within the 3D plotted series and the tubes did not display plastic deformation after tensile testing.
DISCUSSION
Compared to natural arteries, 3D plotted tube scaffolds for TEBV display a radial stiffness that is much too high, due to a very dense wall structure and the layer-wise assembly. They do not sport a continuous fibre throughout the tube height and the structural weakness induced by the periodical deviation from the meandering pathway within a layer causes them to partially fracture and then deform plastically during loading. It is possible to minimize this flaw by using smaller stacking angles, distributing the flaw along the tube circumference but this leads to overall stronger and stiffer tubes, exactly the property we are trying to downplay for use as functional TEBV. The lack of wall porosity will equally have a negative effect on nutrient transport and cell migration throughout the scaffold. Quite clearly, the 3D plotted tubes fabricated here are unfit for use as flexible TEBV scaffolds.
On the other hand, winding of extruded PCL filament offers auspicious results in term of both wall porosity and mechanical properties. A useful advantage of the winding technique which is evident from these simple experiments is the presence of a continuous fibre over the entire tube length, resulting in a more homogeneous straining behaviour instead of local failure. Lack of aforementioned localized structural weakness also ensures smaller variance in stiffness results.
It is clear from visual inspection that the tubes are more porous than their plotted counterparts. Such porosity may be fine-tuned by playing with dispense head feed and speed of the rotational axis, working towards either larger or smaller pores. Both this porosity and the directional orientation of the polymer filaments leads to lower values for the circumferential modulus. The most pliant result was obtained for the winded-45 series, with an average modulus of 4,53 MPa. While this does not yet emulate the low stiffness values of the arterial tissue, it most certainly indicates that this adapted production technique is a step in the good direction for creating flexible tube scaffolds for TEBV with synthetic polymer materials.
When abstracting the tube scaffolds to a thinwalled pressure vessel, the following relation between circumferential tensile stress and equivalent internal fluid pressure may be made :
With the circumferential stress component induced by a fluid pressure p on a thin-walled tube with outer diameter d out and wall thickness t and t the stress induced on two circumferential tube wall sections by the tensile testing with a load force F on a tube with height h and wall thickness t.
As such, the onset values for the linear elastic behaviour and the determination of elastic modulus correspond to roughly 1100 mmHg blood pressure for 3D plotted tubes and 430 mmHg for the winded tubes. This high value sustains the earlier conclusion that the plotted tubes are not at all suited to mimicking the behaviour of natural arteries and that winded tubes show greater promise, even whilst they are still some way off from reaching the very flexible nature of the arterial tissue itself.
It would seem that two of the main different approaches for constructing a TEBV may be advancing towards one another. Synthetic polymers are generally too stiff, but adequate processing through filament winding or electrospinning on a rotating mandrel [5, [14] [15] [16] is able to produce more and more flexible structures. On the other hand, biological polymer-based endeavours like collagen-based scaffolds for TEBV-which display a much greater attractiveness to cells -, have proven to be too weak in terms of tensile properties [2, 20, 21] but researchers are able to gradually improve these properties, for example by mechanical preconditioning [21] . Perhaps hybrid scaffolds that combine a synthetic polymer backbone for strength with natural material for flexibility and cell interaction will turn out to be a feasible solution for this intricate challenge of creating a functional TEBV, both towards cell interactions and mechanical behaviour. Efforts have already been made in this direction, reporting tensile moduli of 3.8 MPa for an electrospun PCL/collagen combined scaffold [22] .
CONCLUSIONS
In this research, it was demonstrated that the winding method for tube scaffolds is not only viable but also renders distinctly more flexible products than with traditional 3D plotting. This makes them more suitable as a replacement for the very elastic natural arterial tissue, even though close approximation of the circumferential modulus of arteries was not yet achieved. Further research should delve into attaining these low elastic moduli by adapting filament sizes, processing parameters and winding angles. 
